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A Mathematical Details

A.1 Selective Live Birth

Here, we carry through the formal discussion on potential empirical implications of selective live birth, as a
complement to the discussion in section 2.

Eq. (2) explicates the fact that differences in marriage fitness between parents of firstborn sons and parents
of firstborn daughters is only observed conditional on live birth. Recall that equation:
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And recall that interpreting
(
δ̂2 − δ̂1

)
in Eq. (2) as reflecting nothing but the parental divorce risk that

daughters would have faced if they had been male requires assuming that ∆s = 0.

To examine this critical assumption, we will clean up notational clutter by suppressing the x in conditional
expressions, and introduce a few new terms. Denote the probability that male pregnancy survives to live
birth with πb, and for female pregnancies, πg; the weighted average of these will be Π. We will denote the
probability density function of η with f(η), and note that the assumption that sex of pregnancy is assigned
as if by coin flip also implies that f(η |b = 1) = f(η |g = 1). With all that notation, and applying Bayes’
rule and the definition of the expected value function, we arrive at this expression for ∆s:
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Now, suppose πb ≈ 1 and πg ≈ 1 (that is, almost all pregnancies end in live birth). It follows then that for
any couple P = b+ g, so that all denominators above would be about equal to 1. As long all the covariates
other than b and g (if any) are properly chosen, then

∫
ηf(η)dη = 0, so ∆s would reduce to zero. In that
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sense, belief that πb ≈ 1 and πg ≈ 1 could implicitly underlie an inclination to assign a counterfactual
interpretation to

(
δ̂2 − δ̂1

)
. However, in the text and in online supplement B.1, we discuss evidence that

survival probabilities may be considerably less than 1.

Alternatively, suppose that πg ≈ πb, but both are less than 1. In that case, the term in square brackets would
reduce to zero, and again the assumption that ∆s = 0 would be reasonable. In that sense, a counterfactual
interpretation of

(
δ̂2 − δ̂1

)
may be justified based on a belief that πg ≈ πb. However, in the text and in

online supplement B.2 we have discussed evidence that there may be a substantial prenatal female survival
advantage.

Finally, suppose that πb < πg, but both survival probabilities and P are constant with respect to η. In that
case, the denominator and the term in square brackets can be factored out of the integral. As long as covariates
other than b and g (if any) are properly chosen, then a counterfactual interpretation is justified. However, in
section 3 we have discussed evidence that at least one factor that is left in η in almost any marital “fitness”
regression– namely, stress– may be negatively associated with πb and πg.

Most generally, a purely counterfactual interpretation of
(
δ̂2 − δ̂1

)
effectively rests on this assumption:
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= 0 (A.1)

Our study investigates what could realistically be the consequences of a failure of that assumption.

We conclude this discussion by emphasizing that assumption (A.1) is not equivalent to assuming that the
impact of η on female pregnancies is equal to its impact on male pregnancies. In fact, assumption (A.1) prob-
ably cannot hold unless exactly the opposite is true. In order for assumption (A.1) to hold in the presence
of underlying female survival advantage, unmeasured characteristics in η (including biological stress)
must be more pernicious (in an absolute sense) for female pregnancies than male ones.

The same dynamics could also be observed using the principle of the force of mortality (Keyfitz and Caswell,
2005). Consider a cohort aging from fertilized egg (at time 0) to live birth (at time 1). Represent female
survivors as of time s ≤ 1:

lF (s) = lF (0) exp

{
−
∫ s

0
µ(t) dt

}
and male survivors:

lM (s) = lM (0) exp

{
−
∫ s

0
a(t)µ(t) dt

}
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Where µ(·) represents the force of mortality and a ≥ 1 indicates the size of any prenatal female survival
advantage. It follows that the sex ratio (males per female) in the cohort at time s will be

r(s) = r(0) exp

{∫ s

0
(1− a(t))µ(t) dt

}
Since µ(t) ≥ 0, it follows that this ratio will decline with an upward shift in µ(·) as long as the shift does not
have an offsetting effect on a(·), and as long as a(t) > 1 for at least some t. Therefore if there is heterogeneity
in the population with respect to µ(·), then (by Bayes’ rule) at time 1, average fecundity will be lower among
parents of daughters than among parents of sons.

It remains an empirical question whether assumption (A.1) holds. We find it unsettling.

In our simulation tool, we require that the effect of biological stress on pregnancy survival is independent of
the sex of the pregnancy.

A.2 Simulation Tool

Here, we describe the mathematical details underlying the simulation tool, as a complement to the discussion
in section 4.2.

At the outset of each simulation, every couple is randomly assigned four characteristics:

• An underlying fertility behavior/fecundability (ν). This parameter establishes a distribution across
the couples in terms of likelihood of establishing a pregnancy in any given period.

• An underlying fecundity (µ). This parameter establishes a distribution across the couples in terms of
the likelihood that a pregnancy, once established, will survive to live birth.

• An underlying marital stability (λ). This parameter establishes a distribution across the couples in
terms of the likelihood that they will divorce in any given period.

• A level of biological stress (θ). Specifically, the cohort is divided into 1001 categories, from the “least
stressed” 0.1% of the population (θ = −500), to the “most stressed” 0.1% (θ = 500).

Here is how the simulation proceeds.
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New Pregnancies

The simulation tool follows these steps to assign pregnancies to still intact couples who are not already
pregnant:

1. It computes for each intact couple who is not pregnant, a period-and-parity specific latent fecundability,
using the following equation:

P ?i,t = νi +KP
t,c − η1,i,t

KP
t,c is a period-specific constant chosen to ensure that the fraction of couples with c children already

born who get pregnant will match the pre-specified overall parity-specific pregnancy hazard for that
period, and η1 is an independent random draw from a standard normal distribution.

2. It assigns a pregnancy to all couples for whom the latent fecundability score is greater than or equal to
zero, or equivalently:

Pi,t =

{
1 if νi +KP

t,c ≥ η1,i,t

0 if νi +KP
t,c < η1,i,t

3. It assigns a sex to each new pregnancy, as follows:

Mi,t =

 1 if Φ−1
(

r0
1+r0

)
≥ η2,i,t

0 if Φ−1
(

r0
1+r0

)
< η2,i,t

Φ−1 (·) represents the inverse cumulative normal distribution, and η2 is an independent random draw
from a standard normal distribution.

New Births

The simulation tool follows these steps to determine the outcome of pregnancies established in the previous
period:

1. It computes for each pregnancy a latent “fitness” score, using the following equation:

L?i,t = µi + α1 (θ) + γMi,t−1 +KL
t − η3,i,t
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KL
t is a constant chosen to ensure that the fraction of overall pregnancies matches the pre-specified

overall mortality risk, and γ reflects the female survival advantage which is necessary to drive a decline
in the sex ratio from r0 at fertilization to r1 at live birth. α1 (θ) is a function that reflects the relationship
between biological stress and pregnancy “fitness.” Inmost of our simulation runs, this function is linear
in form– α1 × θ, but we also experiment with more flexible forms. η3 is an independent random draw
from a standard normal distribution.

2. It assigns a first birth to all couples who have a pregnancy with nonnegative “fitness” score. Or, equiv-
alently:

Li,t =

{
1 if µi + α1 (θ) + γMi,t−1 +KL

t ≥ η3,i,t

0 if µi + α1 (θ) + γMi,t−1 +KL
t < η3,i,t

3. If a couple has three live births, its family size is topcoded and it is removed from eligibility for future
pregnancies (since birth hazards beyond the third are generally low enough that they cannot be reliably
identified in data).

New Divorces

The simulation follows these steps to assign divorces to still intact couples:

1. It computes for each intact couple a period specific latent divorce “vulnerability” score, using the
following equation:

d?i,t = λi + α2 (θ) +Kd
t − η4,i,t

Kd
t is a period-specific constant chosen to ensure that the fraction of couples who divorce in each

period will match the pre-specified period-specific divorce hazard. η4 is an independent random draw
from a standard normal distribution.

2. It assigns a new divorce to all couples with nonnegative latent divorce “vulnerability.” Equivalently:

di,t =

{
1 if λi + α2 (θ) +Kd

t ≥ η4,i,t

0 if λi + α2 (θ) +Kd
t < η4,i,t

3. For every couple experiencing a divorce in time t, the simulation tool assigns to them a permanent
indicator Di,τ = 1 for every τ ≥ t, and excludes them from any further followup.
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B Survival Bias and Offspring Sex

Within a cohort of pregnancies, those reaching live birth may comprise a minority of the original cohort.
Furthermore, the cohort of pregnancies may become increasingly female as it ages– reflecting the fact that
male pregnancies more likely to drop out of the cohort.

B.1 The Extent of Selection into Live Birth

Human reproduction is strikingly inefficient when compared against that of other species. Even after an egg
cell is fertilized, the probability that it will develop to live birth is smaller than may be widely appreciated.
Epidemiologists have estimated this probability from as high as 70% to as low as 30% (Benagiano et al.,
2010; Grudzinskas and Nysenbaum, 1985; Macklon et al., 2002). This range is wide, because measurement
is difficult; even using state of the art techniques, a fertilized egg– or “zygote”– cannot be reliably detected
until it is about 10 days old.

In four important longitudinal studies conducted in the United States (Wilcox et al., 1988), China (Wang
et al., 2003), Bolivia (Nepomnaschy et al., 2004), and Guatemala (Vitzthum et al., 2006), epidemiologists
recruited women volunteers who were in sexual unions, were not contracepting, and had no known fertility
problems. Biological samples from these volunteers were then tested regularly for the signature hormone of
early pregnancy, in an attempt to detect surviving zygotes and thereby to map out a survival curve for normal
early pregnancies.

In these studies, 30-40% of observed pregnancies terminated without a live birth. Although these studies
aimed to represent the broader population by specifically excluding couples who had demonstrated difficulty
establishing a pregnancy, it is important to note that they did not involve probability-based, population rep-
resentative sampling designs. To our knowledge, no study has combined this measurement approach with
standard population survey sampling techniques in order to identify the prevalence of early pregnancy loss
among non-contracepting humans.

These studies can only speak to the fraction of zygotes that make it to live birth, among those that survive
the first 10 days. Even less is known about so-called “pre-implantation loss”– that is, the risk that a zygote
will pass from a woman without ever implanting in the placenta. Distinguishing that event from a normal
menstrual period is prohibitively expensive, even in small samples. Given these technological limits to mea-
surement, physicians and epidemiologists have used clever approaches to assess the likely scale of this type
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of loss in humans, including demographically comparing the expected and observed number of clinical preg-
nancies in populations (Roberts and Lowe, 1975).

Taken together, epidemiological evidence collected over the past 50 years indicates that live births may rep-
resent something on the order of a 50%-30% subsample of zygotes (Benagiano et al., 2010). When one
accounts for the fact that about half of the zygotes lost contain major, fatal defects resulting from random er-
rors in cell reproduction (Macklon et al., 2002), this still leaves only about 40-50% of normal, viable zygotes
surviving to live birth.

B.2 Prenatal Female Survival Advantage

What determines which half of normal, viable zygotes become live births? Another body of evidence in-
dicates that sex may be one factor; specifically, female zygotes appear overrepresented among those that
survive to live birth.

Because sex does not change over the course of pregnancy, a prenatal female survival advantage will lead to
a decrease in the number of males per female as a cohort of pregnancies progresses. Since the sex ratio at live
birth is readily observed wherever vital registration is complete, pinning down the extent of prenatal female
survival advantage “only” requires identifying the sex composition of normal zygotes as early as possible in
gestation. If the sex ratio declines over the course of pregnancy– just as it does throughout the life course
after birth– then this implies that the female survival advantage begins before birth.

Owing to high costs of measurement, studies have not been conducted that directly quantify sex ratios in
very early pregnancy. Instead, studies have tried to shed light on this question by examining the products of
induced abortions. A typical approach involves collecting biological material from embryos and fetuses that
were medically aborted as early as 5 weeks into pregnancy. Many such studies were conducted decades ago,
before technology existed that would allow parents or their physicians to know the sex when the pregnancy
was aborted. In that case, it may be plausible that the sex ratio among the aborted embryos and fetuses
represents the sex ratio among all embryos and fetuses at a similar stage of development. One of the earliest
studies to do this (Kellokumpu-Lehtinen and Pelliniemi, 1984) found sex ratios of 164 males per 100 females
among Finnish women in the first 8 weeks of pregnancy, and 111 males per 100 females for the 8-24 week
stage. Comparable studies in different populations and at different times, have found similar patterns– the
earlier a fetus or embryo is recovered in the course of a pregnancy, the greater is the probability that it is male
(McMillen, 1979; Pergament et al., 2002).
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Other research draws inferentially from in vitro fertilization (IVF) records. Depending on the strategy favored
by parents and their physicians, an embryo produced by IVF can be introduced into a woman very early in
its development, or it can be allowed to mature through several rounds of cell division first. The earlier in
its development that an embryo is introduced into the woman, the less viable it is (Gardner et al., 1998). In
populations around the globe, live births resulting from pregnancies involving further developed (and, thus,
more stable) embryos are more likely to be male than those resulting from pregnancies involving the less
stable embryos (Chang et al., 2009; Dean et al., 2010).

Based largely on evidence from studies like these, many epidemiologists have speculated that the sex ratio
of newly formed viable zygotes may be substantially higher than the sex ratio of live births (Vatten and
Skjaerven, 2004); this ratio may vary from as low as 110 male zygotes per 100 female to as many as 170
male per 100 female (Chahnazarian, 1988; Kellokumpu-Lehtinen and Pelliniemi, 1984; McMillen, 1979;
Pergament et al., 2002).

B.3 Is Sex of Offspring Like a Coin Flip?

We have discussed evidence that survival bias may generate associations between fecundity and sex of
offspring– even if the sex of pregnancies is randomly assigned. This would imply that the sex of live births
would not be indpendent and identically distributed across parents– specifically, within a population, less
fecund parents would be more likely to have daughters.

The sex composition of birth cohorts is remarkably stable over time and across place. In the absence of
conscious manipulation, ratios typically fall within the range of 102-107 boys per 100 girls (Wilcox and
Baird, 2011). The mechanisms generating variation within this range are still poorly understood, although
the nature and extent variation of systematic in these ratios has been a topic of interest for over a quarter of a
millenium (Laplace, 1781; Trivers andWillard, 1973; Éric Brian and Jaisson, 2007). Detecting patterns rests
largely on observational studies, which risk discovering false positive associations driven by measurement
error or failure to account for the multiplicity of tests of the same hypothesis (Gelman and Weakliem, 2008;
Wilcox and Baird, 2011; Simpson, 2012; Maconochie and Roman, 1997).

On the other hand, within a population in the same time and place, the sex of live births has been observed
to covary with some demographic characteristics. Perhaps the most salient example is the well-documented
racial patterning in sex ratios at birth. Black women giving birth in the United States are more likely to
have a girl than white women. This pattern is robust, stable over years, and has been widely noted in the
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epidemiology literature (Pergament et al., 2002; Chahnazarian, 1988; Davis et al., 2007; Marcus et al., 1998).
In this sense, the sex of live births is not like a coin flip– flipped many times, a coin will come up heads about
the same fraction of times, whether a black woman or white woman is doing the flipping.

Other characteristics and behaviors that have been observed to statistically predict offspring sex relate directly
with fecundity– they include nutritional status (Cagnacci et al., 2004; Song, 2012; Rosenfeld and Roberts,
2010), parental age (Nicolich et al., 2000; Jacobsen et al., 1999), when in the ovulation cycle the relevant
insemination occurs (James, 2012), and coital frequency (Wadley and Martin, 1997). Sex ratios at birth have
also been observed to covary with the occurrence of disruptive events (Hansen et al., 1999; Fukuda et al.,
1998; Bruckner et al., 2010; Torche and Kleinhaus, 2012; Song, 2012).

All of these characteristics and behaviors remain controversial as candidate predictors of offspring sex. Many
hypotheses have been proposed and tested to account for both the observed variability within a place and
time of sex ratios at birth, and their consistency across place and time; consensus remains elusive. Factors
affecting the viability of pregnancies may play a role (James, 2012; Chahnazarian, 1988; Pergament et al.,
2002).

In light of this controversy, our approach does not directly specify any characteristics as determinants of sex
ratio at birth. Instead, we draw two lessons from this literature– first, a fecundity-related mechanism is plau-
sible, by which the sex of a couple’s offspring could provide information about that couple’s circumstances.
Such a mechanism amounts simply to survival bias; variation in fecundity interacts with prenatal female
survival advantage to generate small but systematic differences in the probability that a couple’s offspring
will be female. The second lesson we draw from the ongoing empirical controversy regarding determinants
of sex ratio at birth is that the assumption that offspring sex is independent and identically distributed across
all parents, in the way that the outcome of a coin flip would be, is not self-evident (Wilcox and Baird, 2011).

Page S.9



Hamoudi & Nobles
“Do Girls Really Cause Divorce?”

On-line resources

References

Benagiano, G., M. Farris, and G. Grudzinskas (2010). The fate of fertilized human oocytes. Reproductive
Biomedicine Online 21, 732–741.

Bruckner, T. A., R. Catalano, and J. Ahern (2010). Male fetal loss in the U.S. following the terrorist attacks
of September 11, 2001. BMC Public Health 10, 273–279.

Cagnacci, A., A. Renzi, S. Arangino, C. Alessandrini, and A. Volpe (2004). Influences of maternal weight
on the secondary sex ratio of human offspring. Human Reproduction 19(2), 442–444.

Chahnazarian, A. (1988). Determinants of the sex ratio at birth: Review of recent literature. Social Biol-
ogy 35(3-4), 214–235.

Chang, H. J., J. R. Lee, B. C. Jee, and C. S. Suh (2009). Impact of blastocyst transfer on offspring sex ratio
and the monozygotic twinning rate: A systematic review and meta-analysis. Fertility and Sterility 91(6),
2381–2390.

Davis, D. L., P. Webster, H. Stainthorpe, J. Chilton, L. Jones, and R. Doi (2007). Declines in sex ratio at
birth and fetal deaths in Japan, and in U.S. Whites but not African Americans. Environmental Health
Perspectives 115(6), 941–946.

Dean, J. H., M. G. Chapman, and E. A. Sullivan (2010). The effect on human sex ratio at birth by assisted
reproductive technology (ART) procedures. BJOG: An International Journal of Obstetrics & Gynecol-
ogy 117(3), 1628–1634.

Éric Brian and M. Jaisson (2007). The Descent of the Human Sex Ratio at Brith, Volume 4 of Methods.
Springer.

Fukuda, M., K. Fukuda, T. Shimizu, and H. Møller (1998). Decline in sex ratio at birth after the Kobe
earthquake. Human Reproduction 13(8), 2321–2322.

Gardner, D. K., P. Vella, M. Lane, L.Wagley, T. Schlenker, andW. B. Schoolcraft (1998). Culture and transfer
of human blastocysts increases implantation rates and reduces the need for multiple embryo transfers.
Fertility and Sterility 69(1), 84–88.

Gelman, A. and D. Weakliem (2008). Of beauty, sex, and power: Statistical challenges in estimating small
effects. American Scientist 97(4), 310–316.

Grudzinskas, J. G. and A. M. Nysenbaum (1985). Failure of human pregnancy after implantation. Annals
Of The New York Academy Of Sciences 442, 38–44.

Hansen, D., H. Møller, and J. Olsen (1999). Severe periconceptional life events and the sex ratio in offspring:
Follow up study based on five national registers. British Medical Journal 319, 548–549.

Jacobsen, R., H. Möller, and A. Mouritsen (1999). Natural variation in the human sex ratio. Human Repro-
duction 14(12), 3120–3125.

Page S.10



Hamoudi & Nobles
“Do Girls Really Cause Divorce?”

On-line resources

James, W. H. (2012). Hypotheses on the stability and variation of human sex ratios at birth. Journal Of
Theoretical Biology 310(2012), 183–186.

Kellokumpu-Lehtinen, P. and L. J. Pelliniemi (1984). Sex ratio of human conceptuses. Obstetrics and
Gynecology 64(2), 220–222.

Keyfitz, N. and H. Caswell (2005). Applied Mathematical Demography. Statistics for Biology and Health.
Springer.

Laplace, P. S. (1781). Mémoire sur les probabilités. Mémoires de l’Académie Royale des Science de Paris VI,
621–656.

Macklon, S., J. P. M. Geraedts, and B. C. J. M. Fauser (2002). Conception to ongoing pregnancy: The “black
box” of early pregnancy loss. Human Reproduction Update 8(4), 333–343.

Maconochie, N. and E. Roman (1997). Sex ratios: Are there natural variations within the human population?
BJOG: An International Journal of Obstetrics and Gynecology 104(9), 1050–1053.

Marcus, M., J. Kiely, F. Xu, M. Mcgeehin, R. Jackson, and T. Sinks (1998). Changing sex ratio in the United
States 1969-1995. Fertility and Sterility 70(2), 270–273.

McMillen, M. M. (1979). Differential mortality by sex in fetal and neonatal deaths. Science 204(4388),
89–91.

Nepomnaschy, P. A., K.Welch, D. Mcconnell, B. I. Strassmann, and B. G. England (2004). Stress and female
reproductive function: A study of daily variations in cortisol, gonadotrophins, and gonadal steroids in a
rural Mayan population. American Journal Of Human Biology 16, 523–532.

Nicolich, M. J., W. W. Huebner, and A. R. Schnatter (2000). Influence of parental and biological factors on
the male birth fraction in the United States: An analysis of birth certificate data from 1964 through 1988.
Fertility and Sterility 73(3), 487–492.

Pergament, E., P. B. Todydemir, and M. Fiddler (2002). Sex ratio: A biological perspective on “Sex and the
City”. Reproductive Biomedicine Online 5(1), 43–46.

Roberts, C. J. and C. R. Lowe (1975). Where have all the conceptions gone? The Lancet 305(7905), 2184–
2189.

Rosenfeld, C. S. and R. M. Roberts (2010). Maternal diet and other factors affecting offspring sex ratio: A
review. Biology of Reproduction 71(4), 1063–1070.

Simpson, L. (2012). Letter to the editor. American Journal of Epidemiology 175(9), 973.

Song, S. (2012). Does famine influence sex ratio at birth? evidence from the 1959-1961 Great Leap Forward
famine in China. Proceedings of the Royal Society: Biological Sciences 279(1739), 2883–2890.

Torche, F. and K. Kleinhaus (2012). Prenatal stress, gestational age and secondary sex ratio: The sex-specific
effects of exposure to a natural disaster in early pregnancy. Human Reproduction 27(2), 558–567.

Page S.11



Hamoudi & Nobles
“Do Girls Really Cause Divorce?”

On-line resources

Trivers, R. L. and D. E. Willard (1973). Natural selection of parental ability to vary the sex ratio of offspring.
Science 179(4068), 90–92.

Vatten, L. J. and R. Skjaerven (2004). Offspring sex and pregnancy outcome by length of gestation. Early
Human Development 76(1), 47–54.

Vitzthum, V. J., H. Spielvogel, J. Thornburg, and B. West (2006). A prospective study of early pregnancy
loss in humans. Fertility and Sterility 86(2), 373–379.

Wadley, R. L. and J. F. Martin (1997). On secondary sex ratios and coital frequency with an Iban case.
Current Anthropology 38(1), 79–81.

Wang, X., C. Chen, L. Wang, D. Chen, W. Guang, and J. French (2003). Conception, early pregnancy
loss, and time to clinical pregnancy: A population based prospective study. Fertility and Sterility 79(3),
577–584.

Wilcox, A. J. and D. D. Baird (2011). Natural versus unnatural sex ratios–a quandry of modern times.
American Journal of Epidemiology 174(12), 1332–1334.

Wilcox, A. J., C. R. Weinberg, J. F. O’Connor, D. D. Baird, J. P. Schlatterer, R. E. Canfield, E. G. Arm-
strong, and B. C. Nisula (1988). Incidence of early loss of pregnancy. The New England Journal Of
Medicine 319(4), 189–194.

Page S.12


